The maize (Zea mays) b1 gene encodes a transcription factor that regulates the anthocyanin pigment pathway. Of the b1 alleles with distinct tissue-specific expression, B-Peru and B-Bolivia are the only alleles that confer seed pigmentation. B-Bolivia produces variable and weaker seed expression but darker, more regular plant expression relative to B-Peru. Our experiments demonstrated that B-Bolivia is not expressed in the seed when transmitted through the male. When transmitted through the female the proportion of kernels pigmented and the intensity of pigment varied. Molecular characterization of B-Bolivia demonstrated that it shares the first 530 bp of the upstream region with B-Peru, a region sufficient for seed expression. Immediately upstream of 530 bp, B-Bolivia is completely divergent from B-Peru. These sequences share sequence similarity to retrotransposons. Transient expression assays of various promoter constructs identified a 33-bp region in B-Bolivia that can account for the reduced aleurone pigment amounts (40%) observed with B-Bolivia relative to B-Peru. Transgenic plants carrying the B-Bolivia promoter proximal region produced pigmented seeds. Similar to native B-Bolivia, some transgene loci are variably expressed in seeds. In contrast to native B-Bolivia, the transgene loci are expressed in seeds when transmitted through both the male and female. Some transgenic lines produced pigment in vegetative tissues, but the tissue-specificity was different from B-Bolivia, suggesting the introduced sequences do not contain the B-Bolivia plant-specific regulatory sequences. We hypothesize that the chromatin context of the B-Bolivia allele controls its epigenetic seed expression properties, which could be influenced by the adjacent highly repeated retrotransposon sequence.
The alleles of the b1 locus of maize (Zea mays) display a high degree of phenotypic diversity in terms of tissue-and developmental stage-specific expression (Styles et al., 1973; Coe, 1979; Selinger and Chandler, 1999) . Studies on several alleles have served as a useful system to investigate how major changes in tissue-specific gene expression occurred (Radicella et al., 1992; Selinger et al., 1998; Selinger and Chandler, 1999) . The b1 locus encodes a transcription factor that regulates anthocyanin pigment expression, which provides an excellent visual marker for gene expression. The B-I and B-Peru alleles represent the extremes of the phenotypic diversity of b1 alleles. B-I is highly expressed in most of the vegetative tissues of the plant but is not expressed in the embryo or aleurone tissues of the seed. In contrast, B-Peru is weakly and variably expressed in vegetative tissues of the plant, but is highly expressed in part of the embryo and in the aleurone layer of the seed (for a detailed description of these two alleles, see Radicella et al., 1992) . The B-Bolivia allele has an intermediate phenotype between these two alleles. B-Bolivia, like B-Peru, pigments the aleurone layer of the seed and these are the only known b1 alleles that confer aleurone-specific pigmentation. However, the consistency of pigmentation in the aleurone layer of the seed is quite different in the two alleles (Styles et al., 1973) . The plant pigmentation directed by B-Bolivia can be as dark as that in B-I, but B-Bolivia pigments a subset of the plant vegetative tissues relative to B-I.
The ability of B-Bolivia to pigment both seed and plant tissues is reminiscent of alleles of r1. The r1 gene encodes a homologous and functionally duplicate protein to that of b1 (Ludwig et al., 1989; Goff et al., 1990; Ludwig et al., 1990) and like b1, the r1 gene has many phenotypically diverse alleles, many of which color the aleurone layer of the seed (Styles et al., 1973) . Several of the r1 alleles that color both seed and plant tissues have separate coding regions that are expressed in the seed or in the plant tissues (Stadler and Neuffer, 1953; Robbins et al., 1991; Walker et al., 1995) .
Previous investigations of B-Peru and B-I have demonstrated that each is a simple allele consisting of a single coding sequence. Characterization of the sequences responsible for the aleurone expression of the B-Peru allele and investigation of the phylogenetic relationships between several b1 alleles have revealed that distinct phenotypes correlate with rearrangements or insertions in the upstream region of several alleles (Radicella et al., 1992; Selinger et al., 1998; Selinger and Chandler, 1999) .
Using genetic and molecular techniques, we have characterized the expression and structure of the B-Bolivia allele. Our results indicate that B-Bolivia contains a single coding region and that the B-Peru and B-Bolivia alleles share most of the sequences required for aleurone expression. Immediately upstream of the aleurone-specific sequences in B-Bolivia is a highly repeated retrotransposon-related sequence. Transient transformation assays and transgenic plants were used to characterize sequences required for seed expression. Our results suggest that the retro-element-related sequences immediately upstream of the aleurone-specific promoter contributes to some but not all of the epigenetic differences in seed expression between B-Peru and B-Bolivia.
RESULTS

The B-Bolivia Allele Shows Uniform Plant Expression But Variable Seed Expression
The B-Bolivia allele, similar to B-I, conditions strong anthocyanin pigmentation in several vegetative plant tissues (Coe, 1979) , including culm, leaf sheath, and husk tissues (Fig. 1A) . B-Bolivia also directs anthocyanin expression in the aleurone layer of the seeds. It is the only b1 allele besides B-Peru that confers aleurone pigmentation. Whereas the B-Peru allele always conferred uniform and intense pigmentation of the aleurone layer (Fig. 1B) , aleurone pigmentation by B-Bolivia was weaker and variable ( Fig. 1C) . As noted by previous workers (Styles et al., 1973) , we observed three major differences relative to B-Peru. First, not every seed that inherits B-Bolivia was pigmented. Second, the amount of pigment in different kernels varied, even though each kernel was homozygous for B-Bolivia. Third, the amount of pigment even in the darkest B-Bolivia seeds was less than that conferred by B-Peru. We have further observed that the proportion of B-Bolivia seeds expressing pigment varied between different genetic stocks. The ear in Figure 1C is illustrative of the low number of purple kernels observed when B-Bolivia is in the K55 genetic background. The ear in Figure 1D illustrates that a larger number of purple kernels are observed when B-Bolivia is in a different background, in this case one derived from the George Sprague (GS) B-Bolivia line. The vegetative plant expression is equivalent in both the K55 and GS genetic backgrounds (data not shown).
B-Bolivia Is Not Expressed in the Aleurone if Transmitted through the Male Parent
During our characterization of B-Bolivia seed expression we discovered that the presence of colored kernels in progeny from outcrosses between B-Bolivia stocks with stocks containing recessive b1 alleles depended on which stock was the male parent. Ears from B-Bolivia plants crossed by pollen from plants with recessive b1 alleles displayed frequencies of pigmented seeds and intensity of pigmentation that was indistinguishable from self-pollinated ears (Fig. 1D ). In contrast, ears from plants with recessive b1 alleles crossed by pollen from homozygous or heterozygous B-Bolivia plants displayed no colored kernels (Fig.  1E) . B-Peru, the other b1 allele with aleurone pigmentation does not show female-specific expression.
To further explore B-Bolivia transmission, reciprocal crosses were performed between stocks with recessive b1 alleles and the K55 and GS B-Bolivia stocks. The data presented in Table I (experiment 1-4) showed that seeds were pigmented on B-Bolivia ears that were pollinated by the b1 tester stock. However, the ears from b1 tester plants pollinated by B-Bolivia Figure 1 . Phenotypes of B-Bolivia. A, Vegetative plant pigmentation in a B-Bolivia plant: a, auricle; c, culm; and m, leaf mid-vein. B, A self-pollinated ear from a plant homozygous for B-Peru. C, A self-pollinated ear from a homozygous B-Bolivia plant that shows the incomplete penetrance of seed expression typical of B-Bolivia. This ear is in the K55 background. D, This ear resulted from pollination of a heterozygous B-Bolivia/b plant by a b1 tester line that has recessive nonfunctional alleles of b1 and r1, and functional alleles of all other genes required for anthocyanin production. Self-pollinated ears from sibling plants were indistinguishable. E, An ear from a b1 tester plant pollinated by a heterozygous B-Bolivia/b plant. This ear is representative of ears from the reciprocal cross that produced the ear in D.
stocks produced no pigmented kernels. Monitoring plant pigmentation demonstrated that B-Bolivia is transmitted through both the male and female gametes. Colorless seeds from the reciprocal crosses produced as darkly pigmented plants as colored seeds with no consistent differences in plant pigmentation (data not shown).
The above results indicated that B-Bolivia was subject to parent of origin-specific expression in the aleurone, either because of genomic imprinting or because of an effect of gene dosage on B-Bolivia expression. Because the aleurone layer is derived from the triploid endosperm there is only one copy present when B-Bolivia is transmitted through the male. In contrast, kernels on the reciprocally crossed ear, in which B-Bolivia is the female parent and recessive b1 the male, have two copies of B-Bolivia, and kernels on a self-pollinated ear from a B-Bolivia homozygote have three copies of B-Bolivia.
The classic experiment to determine whether dosage effects or gamete transmission are responsible for expression differences in maize seed is to increase the dosage in the male or reduce the dosage in the female using genetic tools (Kermicle, 1970) . Despite considerable effort, we were unable to use similar methods to alter the dosage of B-Bolivia through either the male or female. To examine whether we could see a dosage effect between seeds carrying two and three doses of B-Bolivia, we compared the proportion of pigmented seeds on ears that were self-pollinated with ears crossed by plants with recessive b1 alleles in two different stocks, GS and 414. The results presented in Table I (experiment 4-7) showed that in both stocks there were slight differences between the proportion of colored kernels on self-pollinated and outcrossed ears, but this difference was not statistically significant. Further evidence that the differences were not biologically significant came from the observation that the differences in GS and 414 were in opposite directions. The GS outcross ears had fewer colored kernels, but the 414 outcrossed ears had more colored kernels than the self-pollinated ears. The observation that kernels carrying three copies of B-Bolivia were no more likely to be pigmented than those carrying two copies suggests that dosage differences are not responsible for the pigment differences. Given the variability of seed expression, we were interested in determining the heritability of aleurone expression in B-Bolivia. To test for a correlation between pigmentation of the seed of a parent plant and the proportion of pigmented seeds in its progeny, we planted colored and colorless seeds from the same homozygous B-Bolivia ears, self-pollinated the resulting plants, and determined the percentage of colored seeds in the progeny. The experiment, summarized in Table II , was performed with two different B-Bolivia stocks, a stock that produced low numbers of purple seeds, 1470 (the parental ear had 9% colored kernels), and a stock that produced increased numbers of purple seeds, GS (the parental ears averaged 64% colored kernels). Plants grown from pigmented 1470 seeds produced ears that averaged 28.7% colored kernels, whereas pigmented GS seeds produced plants with ears averaging 75.5% colored kernels. The plants grown from colorless 1470 seeds a The direction and identity of the other parent in the cross that generated the ears that were scored is indicated as follows: ϫb1, the B-Bolivia stock was crossed by b1 tester pollen; and b1ϫ, the reciprocal cross in which B-Bolivia pollen was placed on b1 tester ears.
b The average of the proportion of colored kernels on each ear is given. Kernels were counted as pigmented if they could be clearly distinguished from colorless sibling kernels; a wide range from dark to very lightly pigmented kernels were included.
c The no. of ears that were counted and used to determine the mean. d The proportion of colored kernels on the ears with the highest and lowest percentages in the sample.
e We calculated the probability that the difference between the self cross and the outcross by b1 pollen (B-Bolivia ϫ b1) is due to chance variation for GS and 414 samples using the ANOVA method. This test calculates the probability that the difference in the mean of two groups of numbers is due to random chance. The test results revealed that neither of these differences is statistically significant (GS, P ϭ 0.24; 414, P ϭ 0.21).
averaged 20.9% colored kernels and those of GS averaged 62.1% colored kernels. In both cases, the plants grown from colored seeds produced a somewhat higher proportion of colored kernels, however this difference between the average values was not statistically significant. These results indicate that the on or off pigment expression state of a particular seed is not heritable because both types produce similar numbers of colored kernels in progeny.
The loss of pigment that occurs upon male transmission is also not heritable. When colorless kernels from such ears as shown in Figure 1E are planted and crossed by pollen from plants carrying a recessive b1 allele, a similar number of colored kernels are observed when compared with kernels that derive from only female transmission. For example, in one experiment, an individual B-Bolivia/b1 plant was both selfpollinated and outcrossed as male to a b1 tester plant. Colorless seeds from both ears were planted, plants carrying the B-Bolivia allele were determined by plant color, and such ears were crossed by pollen from a b1 tester line. The 10 plants, which resulted from the colorless B-Bolivia/b1 seeds that resulted from the original cross as male to the b1 tester plant, produced ears in which 46% of the kernels carrying B-Bolivia were pigmented with a range between 17% to 74%. This was equivalent to the six B-Bolivia/b1 heterozygous plants derived from colorless kernels on the selfpollinated ear, as the proportion of B-Bolivia kernels that expressed color on these ears averaged 47% with a range from 19% to 77%.
B-Bolivia Allele Has Part of the B-Peru AleuroneSpecific Promoter Region
To investigate whether B-Bolivia is a simple or complex allele and to determine if its unique expression patterns result from unique promoter sequences, a molecular study of B-Bolivia was initiated. Initially a restriction map was generated for B-Bolivia using DNA gel blots probed with DNA fragments derived from the B-I and B-Peru alleles. Using the 550b probe that lies near the 5Ј end of the transcribed region in B-I and B-Peru (Patterson et al., 1995) , we found that there is a single b1 coding region in B-Bolivia and that it had the same map as the B-Peru and B-I coding regions ( Fig. 2A) . Because B-Peru and B-I differ dramatically in the upstream region, we extensively mapped the region of B-Bolivia upstream of the transcribed sequences. We used the 550b probe and combined double digests with BamHI and other enzymes. BamHI cuts at the 3Ј end of the 550b sequence providing an anchor site to facilitate mapping ( Fig. 2A) . We found that the upstream region of B-Bolivia contained many distinct RFLP when compared with the same regions of B-Peru and B-I ( Fig. 2A ; data not shown).
Based on the mapping, we identified a 2.8-kb BamHI fragment from B-Bolivia for cloning, which contained approximately 2.1 kb of upstream sequence ("Materials and Methods"). Two -clones were isolated from a size selected BamHI digested genomic DNA library, converted to a plasmid and the inserts were restriction mapped. Both inserts had identical restriction maps that matched the restriction fragment sizes determined from DNA-blot analysis of genomic DNA. One of the two clones was completely sequenced and this sequence was compared with that of the B-Peru and B-I alleles. These sequence comparisons revealed that part of the upstream region of the B-Bolivia clone was almost identical to part of the aleurone-specific promoter of B-Peru, differing by a single 4-bp insertion in the B-Bolivia sequence relative to B-Peru. This homology extended to 530 bp upstream of the start of transcription (for diagram, see Fig. 2B ). Beyond this point the sequences completely diverged.
Divergent Sequence in B-Bolivia Has Homology to Retrotransposons and Is Present in the Maize Genome in Very High Copy Number
To determine the nature of the divergent sequence in B-Bolivia, sequence homology searches of GenBank were conducted and DNA-blot analyses were performed using the divergent sequence as a probe. a The color of the seeds that were planted is indicated. Purple seeds were clearly distinguishable from colorless seeds, but were not necessarily the darkest seeds on the ear.
b The average of the proportion of colored kernels on each ear is given. c The no. of ears that were counted and used to determine the mean.
d The proportion of colored kernels on the ears with the highest and lowest percentages in the sample.
e The probability that the difference between the ears derived from plants grown from purple and colorless seeds is due to chance variation. The probability was determined using the ANOVA method. In both cases, the differences between the plants grown from colored and colorless kernels were not statistically significant.
Using BLASTN (Altschul et al., 1990) to search for DNA sequences homologous to the upstream region of B-Bolivia no significant homologies were found outside of the region that is nearly identical to B-Peru. Using BLASTX and FASTX searches (Altschul et al., 1990; Pearson et al., 1997) , in which the nucleotide sequence of B-Bolivia is translated into all six possible polypeptide sequences and compared with the protein sequence database, we found a sequence within the B-Bolivia upstream region that, when translated, had highly significant sequence identity to protein sequences in GenBank. This search identified a reading frame with 35% identity over 308 amino acids (Bit score of 129, E(513612) was 3e-27) to a gag polyprotein from Sorghum (gb: AAD19359.1), a protein characteristic of retro-elements. This was located in the 5Ј-most 973 bp that is in the opposite orientation from the b1 coding region (Fig. 2B) . Although this region of gag homology has similarity at the amino acid level to several high copy retrotransposons in maize, the Grande element (accession no. X97604 and X97605), and elements in the adh1 flanking region (accession no. AF123535; SanMiguel et al., 1996) , the lack of significant identity at the nucleotide level precludes the sequences in B-Bolivia from belonging to any identified maize retrotransposon family.
To better place the B-Bolivia insertion sequence within the context of these other gag sequences, we used the PROTPARS program of the PHYLIP package to produce a phylogenetic tree of the B-Bolivia insertion sequence with the 19 gag proteins identified ("Materials and Methods"). The results of this analysis, shown in Figure 3 , demonstrated that the B-Bolivia insertion sequence is related to gag proteins from other plant retrotransposons, but has significantly diverged from its nearest relation identified to date, the Sorghum bicolor Retrosor element (gi: 4378066). These results strongly suggest that the sequences in B-Bolivia that are absent from B-Peru represent a retrotransposon-or retrotransposon-related sequence.
Several different classes of retrotransposons have been found in maize. Elements like Bs1, B5, G, Hop- The labels indicate the GenBank gi number for that protein sequence and the two-letter abbreviation for the species from which the sequence derives. At, Arabidopsis; Os, Oryza sativa; Sb, Sorghum bicolor; Zm, Zea mays. Sequence 1363528 is from the Zeon-1 element (Hu et al., 1995) , all of the other putative proteins are from uncharacterized retrotransposon-like elements. The branch lengths indicate evolutionary distance and were determined from the FITCH program of the PHYLIP package (for details, see "Materials and Methods"). The bar labeled 20% change indicates the distance produced by a 20% difference in sequence identity. Labels that appear to be at nodes of the tree are sequences that have very short distances from the presumed ancestral sequence. Except for three of the nodes in the Arabidopsis clade, all branches are supported in greater than 75% of the trees. scotch, and Stonor are relatively low copy elements associated with genic sequences (Johns et al., 1985; Varagona et al., 1992; White et al., 1994) . In contrast, there are several families of retrotransposons in maize that have very high copy numbers and make up a significant fraction of the maize genome (Bennetzen et al., 1994; SanMiguel et al., 1996) . To determine the approximate copy number of the sequences adjacent to B-Bolivia, we blotted known amounts of the cloned B-Bolivia upstream sequence and known amounts of genomic maize DNA from several distinct stocks on a slot blot. We probed the resulting slot blot with the cloned B-Bolivia sequence. After quantifying the blot, we found that 3 g of maize DNA had approximately 6 times the number of counts as did 10 ng of the cloned DNA from which the probe was made (Fig. 4 ). This intensity difference provides an estimate of approximately 38,000 copies in the 2,500 megabase maize genome ("Materials and Methods"). Because the comparison of the genomic DNA signal was to a DNA sample that exactly matches the probe sequence, the actual number of copies in the maize genome could be higher due to sequence divergence. The 38,000-copy number is very similar to that estimated for the 9-kb Opie retrotransposon (SanMiguel et al., 1996) and several other retrotransposons found in maize (Bennetzen et al., 1994; SanMiguel et al., 1996) . However, the sequence in B-Bolivia is clearly not any of these previously described high copy retrotransposons.
B-Bolivia Has a Large Insertion or DNA Rearrangement Relative to B-Peru
We next set out to define the size of the putative insertion in B-Bolivia. We used several probes to map restriction enzyme sites in the upstream region of B-Bolivia and B-Peru. By hybridizing with a probe near the 5Ј end of the transcribed region (550b; Patterson et al., 1995) , we mapped several sites upstream of the start of transcription in B-Bolivia (Fig. 5) . We next probed the same blot with a probe located 2.5 kb upstream of the start of transcription in B-Peru (BIu4; Fig. 2A ). This analysis did not reveal the size of the insertion as none of the restriction enzymes tested yielded fragments that hybridized to both the transcribed sequence and upstream sequence probes.
Mapping of the regions farther upstream than the BIu4 probe revealed that B-Bolivia and B-Peru share the same pattern of restriction fragments with eight different enzymes ("Materials and Methods"). Having mapped the upstream sites, we could now determine the location in B-Bolivia of sites downstream of the BIu4 probe. We found that all of the restriction sites within 1.5 kb downstream of the BIu4 probe in B-Bolivia were identical to the sites in B-Peru (data not shown). In contrast, all restriction enzymes with sites farther than 1.5-kb downstream of BIu4 produced different sized fragments, indicating that the sequences further than 1.5 kb downstream of the BIu4 probe were quite different in B-Bolivia relative to B-Peru (data not shown). Comparison of restriction sites mapped upstream of the transcribed region (using the 550b probe) and downstream of the BIu4 probe, revealed that the two maps do not overlap (Fig.  5) . Assuming the full 2.5 kb of B-Peru-like sequence is still found between these probes, there is approximately 4.5 kb of non-B-Peru homologous sequence between the BIu4 probe and the HindIII site. Adding this to the approximately 6 kb of non-homologous sequence between the 550b probe and the BglII site gives a minimum size of 10.5 kb for the "insertion." It is also possible that a more complex DNA rearrangement is responsible for the juxtaposition of the retrotransposon sequences next to B-Bolivia. 
Transient Transformation Assays Reproduce the Quantitative Difference between B-Peru and B-Bolivia Aleurone Pigment
One difference between B-Bolivia and B-Peru kernel pigmentation is that even the darkest B-Bolivia kernels are less pigmented than B-Peru kernels. A quantitative transient transformation assay was used to determine if the Ϫ2,100 B-Bolivia upstream region produces a different level of aleurone expression relative to the Ϫ2,500 B-Peru upstream region that was previously studied (Selinger et al., 1998) . In this assay the B-Bolivia or B-Peru upstream sequences were fused to the reporter gene, firefly luciferase, and the constructs were introduced into maize aleurone cells (Selinger et al., 1998) . To normalize for transformation efficiency, the test promoter:luciferase constructs were co-transformed with either a ␤-glucuronidase (GUS) reporter gene construct or a Renilla luciferase construct both driven by the cauliflower mosaic virus (CaMV) 35S promoter. All luciferase values were normalized to one of these transformation controls. We found that the 2.1-kb B-Bolivia upstream sequence generated only 42% of the aleurone expression produced by the Ϫ2,500 B-Peru construct, to which we scaled all of our results (Fig. 6 ). This result indicated that either some part of the B-Bolivia sequence reduced aleurone expression or some part of the B-Peru sequence that is missing from B-Bolivia enhanced aleurone expression. Our results discussed below suggest both types of events may be operating.
We had shown previously that 5Ј-promoter deletions of B-Peru to Ϫ176 had the same aleurone expression in the transient assay as the Ϫ2,500 construct (Selinger et al., 1998) . To determine if the single difference in this region between the two alleles, a four base insertion in B-Bolivia relative to B-Peru just downstream of the TATA box, had any effect on expression, we compared a Ϫ176 B-Peru promoter construct with the comparable Ϫ180 B-Bolivia construct. Both constructs gave the same level of expression, which was comparable with the level of expression produced by the Ϫ2,500 B-Peru construct (Fig.  6 ). This result indicated that the four base insertion immediately downstream of the TATA box in B-Bolivia does not affect expression and that the B-Peru homologous sequences of B-Bolivia are fully capable of driving levels of aleurone expression equivalent to that of B-Peru.
A 33-bp Sequence from B-Bolivia Reduces Aleurone Expression
The results with the Ϫ180 B-Bolivia construct suggested that some other part of the 2,100 bp of B-Bolivia upstream sequence was responsible for the reduced aleurone expression. To determine if part of the 1.5 kb of novel B-Bolivia sequence is responsible for the reduced expression we analyzed several deletion derivatives (Fig. 6) . We used the two XhoI sites to produce three deletion derivatives. The smallest construct, a deletion to the XhoI site at Ϫ564 (Ϫ564BB:luc), produced a reduced expression level that was very similar to that of the Ϫ2,100 construct. The deletion of the 900 bp between the XhoI sites at Ϫ1,454 and Ϫ564 (dZ-BB:luc) also produced a level of expression that was similar to that of the Ϫ2,100 BB:luc construct, corroborating the results from the Ϫ564 deletion and suggesting that the 33 bp between the Ϫ564 XhoI site and the start of the B-Peru homologous sequence at position Ϫ531 was sufficient to reduce aleurone expression (Fig. 6) . However, deletion to the first XhoI site (Ϫ1,454BB:luc) produced luciferase expression equivalent to the Ϫ2,500 B-Peru construct (Fig. 6) . Because of these conflicting results, we decided to test the ability of the 33 bp between Ϫ564 and the B-Peru homologous sequences at Ϫ531 to reduce the expression of the Ϫ176 B-Peru promoter:luciferase construct. We tested a construct with a single copy of the 33-bp sequence subcloned upstream of the Ϫ176 B-Peru:luc, and found that this single copy of the 33-bp sequence reduced aleurone expression to 40% (Fig. 6) . Thus, the effect of the 33 bp of sequence accounted for the reduction seen in the Ϫ2,100 B-Bolivia construct. In addition, the reduction to 40% in the transient assay correlated nicely Intron1 sequence (labeled "a") as a leader sequence. Details of the reporter gene are in "Materials and Methods." Each construct was introduced into maize aleurones along with either a GUS or Renilla luciferase expressing control to normalize for transformation efficiency. The Luc/control activities were normalized to results obtained with the Ϫ2,500 B-Peru construct (100%; Selinger et al., 1998) . The results were from at least five independent transformations and are given with the SE of measurement. The XhoI sites (Z) are labeled on the Ϫ2,100BB:luc construct and dashed lines indicate the same sites in the deletion constructs. The sequences found in B-Bolivia that are not present in B-Peru are indicated by the unshaded boxes. The bracket under the constructs indicates the 33 bp of B-Bolivia-specific sequence that is in common between five of the constructs and that appears to contain a negative regulatory element.
with the approximately 30% level of anthocyanin pigment found in the darkest B-Bolivia seeds relative to B-Peru seeds (data not shown). However, the results with this chimeric B-Bolivia:B-Peru construct do not explain why the 33-bp sequence, which is present in the Ϫ1,400 deletion construct, did not reduce expression in that context.
The Region of the B-Peru Aleurone-Specific Promoter That Is Missing from the Promoter Proximal Region of B-Bolivia Contributes to Aleurone Expression
Besides the sequence that is unique to B-Bolivia relative to B-Peru, B-Bolivia is missing part of the 534-bp repeated sequence that is found in B-Peru. The B-Peru promoter region contains three identical 534-bp direct repeats. All of the important aleurone regulatory sequences are found in a single 534-bp repeat sequence (Selinger et al., 1998 ) and a B-Peru deletion derivative allele with a single 534-bp repeat has the same expression and stability as the native B-Peru allele (Harris et al., 1994) . In the analysis of the B-Peru promoter, the Ϫ710 and Ϫ176 promoter regions produced equivalent expression in transient transformation experiments (Selinger et al., 1998) . In B-Bolivia, the aleurone-specific promoter consists of 464 bp of the 534-bp repeat sequence; the distal 70 bp of the 534-bp repeat is either deleted or located elsewhere due to the insertion or rearrangement. The contrast between the stable expression of B-Peru and the variable expression of B-Bolivia suggested the hypothesis that the 70 bp of the repeat that are missing in B-Bolivia might have a quantitative effect on aleurone expression or the stability of this expression.
To determine if the 70-bp region might contain regulatory elements important for aleurone expression, we tested whether the presence of this region could suppress mutations in two critically important regions in the first 176 bp of the promoter. We had previously identified and characterized the E1 and E2 regions of the B-Peru aleurone-specific promoter (Selinger et al., 1998) . In the context of the Ϫ176 B-Peru promoter, mutation of E1, which corresponds to the Ϫ120 to Ϫ109 region, results in a loss of expression to 17%, whereas mutation of E2, which is located between positions Ϫ96 and Ϫ85 results in a reduction of expression to 7% (Fig. 7) . When these mutations were made in the context of the Ϫ600 B-Peru promoter and tested in the aleurone transient transformation assay, expression was 40% and 60%, respectively, for E1 and E2 (Fig. 7) . Importantly, we had previously shown that a Ϫ559 promoter construct carrying the E2 mutation had the same 7% level of expression seen in theϪ176 promoter (Fig. 7) . These results suggest that the sequences in B-Peru between Ϫ600 and Ϫ176 contribute to aleurone expression and specifically localizes the element(s) critical for the suppression of the E2 mutation to 31 bp between Ϫ600 and Ϫ559, which is within the 70 bp missing in B-Bolivia.
Transgenic Plants Containing the 2.1-kb Upstream Region of B-Bolivia Can Produce Aleurone-Specific Expression
Previous studies with the Ϫ2,500 bp region of B-Peru had demonstrated that these sequences could confer aleurone but no plant expression. To determine if the cloned upstream region of B-Bolivia could reproduce the aleurone and plant expression phenotypes characteristic of this allele, we produced transgenic maize plants carrying the B-Bolivia construct. We ligated the 2.8-kb B-Bolivia clone, which has 2.1 kb of upstream sequence with the cloned B-I coding region to produce a full length reconstruction of a genomic clone of the B-Bolivia upstream and B-I coding region (Fig. 8A) . We generated transgenic plants containing this construct by cobombarding the pBB2100 plasmid with a selectable marker, the bar gene driven by the CaMV 35S promoter, into immature embryos. We regenerated plants from 51 independent stably transformed lines that were resistant Figure 7 . The distal part of the 534-bp B-Peru repeat contains important regulatory sequences. The structure of one of the B-Peru 534-bp repeats (boxed black arrow) fused to the Adh1 intron 1 (a) and firefly luciferase (Luc) is shown at the top of the figure. The E1 and E2 regions, which were previously shown to be important for aleurone expression (Selinger et al., 1998) , are indicated by a gray and black box, respectively. The mutated versions of these two elements are indicated by white boxes at the same position that E1 or E2 should be. These mutants were generated by substitution mutagenesis as previously described (Selinger at al., 1998) . Each construct was introduced into maize aleurones along with either a GUS or Renilla luciferase expressing control to normalize for transformation efficiency. The expression levels of the test constructs are indicated as percentages of the Ϫ2,500 B-Peru:luciferase expression level set at 100%, after normalization to the internal control. The results for the Ϫ559 B-Peru construct are taken from Selinger et al. (1998) . Each construct was assayed in five independent transformations and the mean value is given with the SE of measurement.
to the herbicide Basta, indicating that they were expressing the bar gene. Plants from 14 of these independent lines expressed anthocyanin pigment in seeds when pollinated by a b1 tester stock, homozygous for functional alleles of all of the anthocyanin pathway genes except b1 and r1. The proportion of BB2100 lines with seed pigmentation (27.5%) was similar to the proportion of B-Peru transgenic lines with seed pigmentation previously isolated (36%, Selinger et al., 1998) . DNA blots and/or PCR analyses on progeny derived from crossing the 14 different hemizygous transgenic lines with non-transgenic b1 tester demonstrated that, in at least nine of the 14 lines, B-Bolivia transgene copies cosegregated as a single locus (data not shown). One line clearly showed segregation of at least two transgenic loci (data not shown) and for the remaining four lines, insufficient data were obtained to clearly determine that a single locus was segregating.
To determine if the BB2100 transgenic plants would show the variable seed expression characteristic of kernels carrying the native B-Bolivia allele, we counted the proportion of colored kernels on ears from T1 plants. For those lines with a single transgene locus, when each hemizygous transgenic plant is outcrossed, 50% of the progeny will receive the transgene. If seed expression of the BB2100 transgene was completely penetrant, like that of B-Peru, then we would expect all of the seeds from these nine lines carrying single locus BB2100 transgenes to be pigmented, producing 50% colored kernels. Table III contains a comparison of the proportions of colored kernels in ears from all 14 lines with the nine lines verified to have a single transgene locus indicated. Two of the nine lines produced ears in which 50% of the kernels expressed pigment (lines VLC 40-16 and 40-64, Table III ). An example of one such ear is shown in Figure 8B . When we tested molecularly for the presence of the BB2100 transgene in 20 colorless seeds from one of these lines, we found that none of the kernels carried the BB2100 transgene. These results suggest that, in these two lines, the BB2100 transgene was completely penetrant, like B-Peru and the B-Peru transgenic lines (Selinger et al., 1998) . In the other seven verified single transgene locus BB2100 lines, less than 50% of the seeds were pigmented. The ears were similar to that of the native B-Bolivia allele, in that these had reduced numbers of colored kernels and the colored kernels were generally less pigmented (Fig. 8C ). When we molecularly tested for the presence of the BB2100 transgene in colorless kernels from one of these lines with fewer colored kernels (VLC40-59), we found that 25% of the colorless kernels carried the transgene (5 of 20).
Colorless kernels that received the native B-Bolivia allele produced plants that had colored seeds in the next generation. To test if the transgene loci behaved similarly, we grew and test-crossed transgenic BB2100 plants grown from colorless seeds from two independent lines known to have a single transgene locus. We observed that transgenic plants grown from colorless kernels produced colored kernels in the next generation in similar proportions to their siblings grown from colored seeds. These results indicated that in these lines the BB2100 transgenes in the colorless kernels were not heritably silenced. This expression pattern is reminiscent of the incomplete penetrance in seed expression seen in the native B-Bolivia stocks.
In addition to the incomplete penetrance of seed expression, the native B-Bolivia allele normally fails to produce any pigmented seeds when transmitted through the pollen. We tested 11 of the 14 BB2100 transgenic lines for seed pigment expression when transmitted through pollen. For all 11 lines, colored kernels were observed, regardless of which direction the cross was performed with recessive b1 alleles. Data from two lines with multiple ears from crosses in both directions are presented in Table IV . These observations indicate that none of the transgenic lines display parent of origin-specific expression.
BB2100 Transgenic Lines Produce Novel Plant Pigmentation
Six of the 14 BB2100 lines, in which the transgene was expressed in the seed, displayed plant pigmen- tation (Table III; Fig. 8D ). The phenotypes of these six lines were quite similar to each other, but were different from that of the native B-Bolivia allele. The plant phenotype of the transgenic lines is essentially opposite of the phenotype of the native allele in three respects (compare Fig. 1A with Fig. 8D) . First, the transgenic lines had strong expression in the auricle tissue that separates the sheath from the leaf blade and in the leaf mid-vein. Plants carrying the native B-Bolivia allele strongly pigment the sheath, but never produce pigment in the auricle and rarely produce weak pigmentation of the leaf mid-vein. Second, the transgenic lines produced relatively weak pigmentation of the culm, a tissue that is strongly and uniformly pigmented by the native B-Bolivia allele. Third, three of the six transgenic lines produced pigment that was strong in the margins of the sheath. In contrast, the native allele produced no pigment in sheath margins, even in plants with intense pigmentation in the rest of the sheath.
We considered several hypotheses to explain why only six of the 14 lines with seed expression showed plant expression and why this plant expression did not mimic the native B-Bolivia allele. One possibility was that enhancers at the integration sites were influencing the expression pattern. This seemed unlikely given that the chromosome position was different in each line while the pattern of pigment expression was similar. In addition, in other experiments we generated many other transgenic lines containing either the B-Peru (Selinger et al., 1998) or BЈ (K Kubo, V. Chandler, personal communication) genomic clones, in which none of the plants exhibited any plant pigmentation. Thus, it is unlikely there are a fortuitously high number of plant-specific enhancers in the genome. A second possibility was that expression of an endogenous b1 allele in the transgenic plants was influencing transgene expression through an RNA silencing mechanism (Jorgensen, 1995) . This seemed unlikely as the presence or absence of plant pigmentation was stable and did not depend on the identity of the endogenous b1 allele or whether or not the endogenous allele was expressed in the plant (data not shown).
Another possibility was that the lines lacking plant expression have transgenes with promoter deletions and are thus missing key regulatory sequences for plant expression. We used DNA-blot analysis and restriction enzymes EcoRI and PacI, which flank the promoter and coding region, respectively, to assess the copy number of intact and partially deleted transgene copies in the 14 lines with seed expression. These results, which are shown in Figure 9 and summarized in Table III, indicate that nine of the BB2100 lines have at least one intact copy, and one or more rearranged or partially deleted copies of the transgene. Contrary to the expectations of our hypothesis, four of the lines that have plant color have no intact copies (Fig. 9) . Six of the nine lines with intact copies have no plant expression, indicating that the presence of an intact 2.1-kb upstream region fused to an intact coding region is not sufficient for plant expression.
Four of the independent lines that produced strong seed pigmentation had no bands consistent with having an intact transgene copy, suggesting that they have at least one copy with an intact coding region fused to promoter sequences sufficient for seed expression. Because the PacI site is located a few bases beyond the stop codon, most deletions of this site are likely to result in the production of nonfunctional b The probability from a 2 analysis that the actual seed counts are consistent with the expectation that 50% of the seeds are colored. N/A, Not applicable.
c Strong pigmentation of the auricle and leaf mid-vein tissues is represented by ϩϩϩ, moderate pigmentation by ϩϩ, light pigmentation by ϩ, very weak pigmentation by ϩ/Ϫ, and no anthocyanin pigment by Ϫ.
d As determined by DNA blots probed with the 550-b probe.
e Determined from segregating populations by either PCR-or DNA-blot analysis. N.D., Not determined. The VLC40-20 line is clearly segregating at least two transgene loci, although only one may be functional.
proteins. The EcoRI site is located a few base pairs upstream of the BamHI site that is the 5Ј-most end of the B-Bolivia upstream sequence (Fig. 9) . Deletion of the EcoRI site and up to 1.5 kb of downstream sequence may have little effect on seed expression because the B-Peru homologous aleurone promoter sequence would remain intact.
Although the complexity of the transgene arrays in most lines made detailed characterization of their promoter structure difficult, PCR analysis was used to determine the extent of the promoter deletions in the two BB2100 lines with the fewest number of transgene copies. These two lines, VLC 40-37 and VLC 40-68, had strong plant expression, but no intact copies of the promoter region and only two to three partially deleted copies (Table III; Fig. 9 ). We used a series of upstream primers starting with the 531 primer located at the upstream end of the B-Peru homologous aleurone promoter region with additional primers located further upstream and spaced approximately every 300 bp (Fig. 9 ). Amplifications were done using one of the upstream primers with either of two downstream primers, the Sac primer located at the 5Ј end of intron 1 or the 532u primer located in the same region as the 531 primer but oriented in the opposite direction. Using the 531 and Sac primers, we amplified a 550-bp fragment from both transgenic lines and from the native B-Bolivia allele indicating that both lines contained all of the 531 bp of upstream sequence that is homologous to the aleurone-specific promoter region of B-Peru (data not shown). Additional reactions using upstream primers at Ϫ700, Ϫ1,092, and Ϫ1,399 with one of the two downstream primers resulted in the amplification of the appropriately sized fragments from both the VLC 40-37 and VLC 40-68 transgenic lines (data not shown). PCR with an upstream primer at Ϫ1,682 paired with the Ϫ532 primer generated the expected product with DNA from the VLC 40-68 line, but not the VLC 40-37 line. Thus, the deletion in VLC 40-37 begins somewhere between Ϫ1,399 and Ϫ1,682, whereas the deletion in VLC 40-68 begins between Ϫ1,682 and the EcoRI site at Ϫ2,100.
In summary, there was no clear correlation between the presence of specific promoter sequences and plant expression in the transgenic lines. A final possibility we considered is that another sequence within the transgene array may be contributing to plant pigmentation. This hypothesis is further developed in the discussion.
DISCUSSION
Our results demonstrate that a DNA rearrangement that places sequences from a high copy number retrotransposon adjacent to aleurone-specific promoter elements is associated with altered patterns of expression in B-Bolivia. Our finding that B-Bolivia shares the same aleurone-specific promoter sequences with B-Peru explains why both alleles are expressed in the aleurone. However, it does not explain the variability in the seed expression phenotype of B-Bolivia relative to B-Peru. We hypothesized that the presence of a highly repetitive element adjacent to regulatory sequences required for aleurone expression could be sufficient to produce the differences in seed expression between B-Peru and B-Bolivia. To examine this possibility, we produced transgenic plants containing 2.1 kb of the B-Bolivia upstream sequence proximal to the start of transcription and performed transient expression assays. Our results discussed below indicate that the sequences adjacent to the promoter can contribute to the variable penetrance of seed expression and to the reduced amounts of pigment, but they do not contribute to female-specific expression characteristic of the native allele.
In seven independent transgenic lines verified to have a single transgene locus, the proportion of colored kernels was significantly less than 50%, indicating that in these lines, the penetrance of expression was incomplete. In at least two of these lines, color- a The direction of the cross that generated the ears that were scored is indicated as follows: ϫb1, the BB2100 stock was crossed by b1 stock pollen; b1ϫ, the reciprocal cross in which BB2100 pollen was placed on b1 ears.
e The probability obtained by the ANOVA method that the difference between the outcross by b1 pollen (ϫb1) and the outcross to b1 ears (b1ϫ) is due to chance variation. less seeds that carry the transgene produce plants that express the transgene in progeny seed. This result is similar to the behavior of the native B-Bolivia allele, in that colorless seeds that carry the B-Bolivia allele produce plants with indistinguishable expression patterns and intensities in the next generation when compared with plants from colored seeds. However, the proportion of pigmented seeds in two of the nine independent transgenic lines verified to have a single transgene locus was approximately 50%, indicating that in these lines 100% of the seeds that received a transgene copy from the hemizygous parent expressed pigment. This proportion was significantly higher than the proportion of colored kernels produced by either of the stocks that carry the native allele. Furthermore, the copy number of the transgene showed no correlation with the penetrance of seed expression. One possibility is that there is a specific region within the B-Bolivia upstream sequences that confers variability and the presence or absence of this sequence is different in lines showing 100% penetrance versus lines showing reduced penetrance. It is unfortunate that the number of copies and the complex nature of the transgene loci make this difficult to rigorously test. . DNA gel-blot analysis of the 14 BB2100 transgenic lines that produced seed pigmentation. Genomic DNA from T 1 transgenic plants was prepared and digested with PacI and EcoRI. The map below the blot indicates where these sites are within the construct that was introduced. After electrophoresis and blotting, the resulting blot was hybridized to labeled 550b probe, washed, and hybridization detected using a Molecular Dynamics Storm 2000 system. The endogenous homozygous B-615 allele produces a characteristic band labeled "B-615" in all lanes. Two bands representing the two r1 alleles in the T 1 heterozygotes are indicated by arrows labeled "r." The expected size for an intact EcoRI/PacI digested BB2100 transgene insertion is indicated by the arrow labeled "intact." The lanes are labeled according to the "VLC" number of the independent transgenic lines. The asterisks indicate the lines with vegetative plant pigmentation. The primers used to determine the amount of B-Bolivia upstream DNA in two transgenic lines are indicated on the map.
Results from transient expression experiments, suggest that sequences within the putative retrotransposon insertion directly affect the amount of aleurone pigment. Expression is reduced to 40% when a sequence normally located in the 33 bp of the insertion proximal to the B-Peru homologous sequences is placed immediately upstream of the Ϫ176 B-Peru promoter, a similar reduction to that seen in the comparison of the 2.1 kb B-Bolivia upstream region with the 176-bp B-Peru upstream region. However, the promoter proximal region of B-Bolivia also lacks sequences homologous to those between Ϫ600 and Ϫ530 in B-Peru. The observation that the presence of the Ϫ600 to Ϫ559 region reduces the negative effect of the two mutations (E1 and E2), suggests that the Ϫ600 to Ϫ559 element(s) and the Ϫ120 to Ϫ84 elements interact to regulate the expression of the aleurone-specific promoter. Thus, we hypothesize that the retrotransposon insertion in B-Bolivia at Ϫ530 displaces important elements in the aleurone-specific promoter. Transient expression studies and transgenic analyses indicate these elements are not essential, but we suspect their absence in the transgenes or displacement in the native allele contributes to the variability of expression. An intriguing idea is that these sequences serve as a boundary element preventing other regulatory sequences from influencing the promoter. The absence of the Ϫ600 to Ϫ559 sequences in B-Bolivia may allow the retrotransposon insertion in the native allele, and possibly other sequences in the transgenic lines, to have a greater influence on expression.
In addition to the incomplete penetrance and reduced level of aleurone pigmentation in B-Bolivia, this allele also shows a parent of origin effect on seed expression. All of the transgenic lines that expressed pigment in the seed, did so when transmitted through the male or female gametes. Thus the sequences immediately upstream of the aleuronespecific sequences are not sufficient to impart the parent of origin effect on expression when the gene is in ectopic locations.
There are two possible ways to explain the lack of pigment in kernels that inherit B-Bolivia from the male parent. The first explanation is that B-Bolivia expression is sensitive to dosage, as the female contributes two doses and the male one dose to the triploid endosperm, which gives rise to the aleurone. The second explanation is that B-Bolivia is epigenetically imprinted such that it is completely silenced when transmitted through the male gametes, whereas, when transmitted through the female gamete, B-Bolivia is not silenced in all kernels. Although, due to technical problems, we have not been able to directly test the dosage model, there are two observations that suggest that B-Bolivia is epigenetically imprinted. The first is that there is no difference in the proportion of pigmented kernels or the amount of pigment between seeds with two and three copies of B-Bolivia in the endosperm. The second is that we have isolated a variant of B-Bolivia that does show seed pigment when transmitted through the male parent (DA Selinger, VL Chandler, article in preparation). The implication that B-Bolivia is an imprinted allele is particularly interesting in that there are only a few well characterized imprinting systems in plants (for review, see Alleman and Doctor, 2000) . In one of these systems, at the r1 locus in maize (Kermicle, 1978) , certain alleles, such as the R-r:std allele induce uniform pigmentation of kernels when passed through the female gametes, but induce a weaker, mottled expression when passed through the male gametes. At the Arabidopsis medea locus, expression in certain ecotypes is solely from the maternally transmitted allele in the endosperm and embryo tissues of the developing seed (Kinoshita et al., 1999; Vielle-Calzada et al., 1999) .
In addition to the differences in aleurone expression between B-Peru and B-Bolivia, the two alleles have strikingly different patterns and levels of plant pigmentation. It is interesting that another allele of b1, B-Gua31, isolated from an exotic land race (Negro de Chimaltenango) collected in Guatemala, has a strikingly similar pattern of plant pigmentation to that of the native B-Bolivia allele. B-Gua31 lacks both the aleurone-specific promoter sequences of B-Peru and B-Bolivia and the putative retrotransposon sequences of B-Bolivia (Selinger and Chandler, 1999) . Phylogenetic analyses of upstream sequences that are shared by all maize b1 alleles indicate that B-Peru, B-Bolivia, and B-Gua31 are closely related. However, the B-Gua31 and B-Bolivia alleles are the only members of the clade with strong vegetative plant pigmentation phenotypes (Selinger and Chandler, 1999) . One inference from this observation is that the putative retrotransposon insertion does not carry the plant-specific regulatory elements that produce the plant expression seen in B-Bolivia, but rather, plant expression is due to sequences outside of the retrotransposon region that differentiates B-Bolivia from B-Peru. These sequences are presumably shared by the phenotypically similar B-Bolivia and B-Gua31 alleles.
Although the plant expression produced by the six BB2100 transgenic lines is very similar between the independent transgenic lines, it is quite different from the plant expression of the native B-Bolivia allele. These differences in plant phenotype suggest that if the sequences in the B-Bolivia upstream region are producing plant expression, they are not behaving as they normally do in the native allele. Alternatively, another sequence in the transgene array may be contributing to plant pigmentation.
Because these transgenic lines were produced by particle gun bombardment, all of the lines have multiple copies of the BB2100 construct along with the CaMV 35S promoter:bar gene construct, which serves as the selectable marker. An intriguing hypothesis is that the enhancers that are part of the CaMV 35S promoter of the selectable marker construct are interacting with the BB2100 transgene to induce plant expression. The same selectable marker was used in the generation of nine B-Peru transgenic lines, all of which showed no plant expression. However, in the B-Peru transgenic lines, the potential insulator function of the Ϫ600 to Ϫ559 sequences in the aleuronespecific promoter may have prevented this sort of interaction with the CaMV 35S enhancers. An alternative explanation is that the highly repetitive nature of the B-Bolivia retrotransposon sequence in BB2100 construct may produce very different interactions between some of the transgene loci and the maize genome, some of which may result in plant expression.
As a model for the evolution of novel expression patterns, B-Bolivia reveals that the insertion in the upstream regulatory region of a high copy number element can change the expression pattern of a gene. Unlike the insertion in B-Peru that produces aleurone pigmentation, the insertion in B-Bolivia does not appear to be carrying promoter elements that have been translocated from another gene. Instead it appears that insertion of this large, extremely high copy sequence has altered the expression of the aleuronespecific sequences. Although these retrotransposons have achieved extremely high copy numbers in an evolutionarily short time (SanMiguel et al., 1998) , there is no evidence that any of them are still active, and they are very rarely found immediately next to genes (SanMiguel et al., 1996) . In contributing to the reduced and unstable seed expression at B-Bolivia, this insertion may illustrate the consequences of having a large highly repetitive element near the promoter proximal and coding regions. Continued study of the native B-Bolivia allele and various transgenic lines promises to define the roles played by different sequence and chromatin structures in the control of gene expression in plants.
Changes in the spatial and temporal expression of genes, especially genes encoding regulatory proteins, are likely to contribute to the evolution of new species and morphologies. A few genes have been identified as major factors in conferring the morphological differences between maize and teosinte, its wild relative (Beadle, 1939; Doebley and Stec, 1991, 1993) . Recent work on one of these genes, teosinte branched 1, tb1, suggests that a change in expression is responsible for the difference in the morphological phenotypes produced by the maize and teosinte alleles of this gene (Doebley et al., 1997; Wang et al., 1999) . Similar types of changes in the cis-acting regulatory regions of genes have been hypothesized to be responsible for many instances of morphological change during evolution (Doebley and Lukens, 1998) . However, what the changes are and the molecular mechanisms that created the phenotypic variation found at tb1 and many other genes are not well characterized. It will be interesting to determine if DNA sequence polymorphisms or DNA arrangements such as those observed at b1 are operating.
MATERIALS AND METHODS
Plant Materials
B-Bolivia in the K55 background was obtained from G. Neuffer (University of Missouri, Columbia) and B-Bolivia in the GS background from George Sprague, Sr. (the University of Illinois, Champaign/Urbana). Several b1 testers were used, and all the testers carried recessive, nonfunctional alleles of b1 and r1, and functional, dominant alleles of the C1 regulatory gene, and the anthocyanin biosynthetic genes. The 414 stock resulted from a cross between the K55 B-Bolivia line and a b1, r1, pl1-sr tester line. The 1,470 stock is the result of a cross between the K55 and GS B-Bolivia that was then outcrossed to a b1, r1, Pl-Rhodes tester.
Cloning B-Bolivia
Genomic DNA was extracted from an immature cob that was homozygous for the B-Bolivia allele, digested with BamHI, and fragments of approximately 2.8 kb, based on size markers, were recovered by phenol extraction of the melted gel slices. DNA from the fraction showing the strongest B-Bolivia-specific hybridization to the 550b probe (Patterson et al., 1995) was ligated into BamHI digested lambda ZAP-Express arms and packaged using a Stratagene XL-Gold packaging extract and plated (Stratagene, La Jolla, CA). Plaque lifts and hybridizations were performed using standard techniques (Sambrook et al., 1989) and the 550b probe. Positively hybridizing plaques were picked, purified through a second round of plating, and hybridization, and the pBK phagemid containing the insert was excised from the lambda ZAP vector according to the manufacturer's instructions. The insert was subsequently subcloned into pTZ 18U for sequencing. This sequence along with additional downstream sequence derived from PCR experiments was deposited in GenBank (accession no. AF326577). Additional upstream B-Bolivia sequences were obtained by PCR using oligos specific to B-Peru sequences (GenBank accession no. AF205801).
Sequence Analysis and Phylogenetic Analysis
The complete sequence of the 2.8-kb B-Bolivia clone was used as a query for several searches using the BLASTN, BLASTX, and FASTX programs (Altschul et al., 1990; Pearson et al., 1997) . The potential protein sequence identified by these searches was then used for FASTA and TBLASTN searches to identify homologous protein sequences and coding sequences. The FASTA search returned 19 predicted proteins with an E-value less than 0.01. A TBLASTN search with the same polypeptide sequence against the nucleotide database yielded 80 hits to nucleotide sequences with E-values less than 0.01. The 19 protein sequences found in the FASTA search with E() values less than 0.01 were aligned using the ClustalW program at the BCM server (http://dot.imgen.bcm.tmc.edu:9331/multi-align/ multi-align.html). The alignment was imported into the Genedoc program (Nicholas et al., 1997, available at http://www.psc.edu/biomed/genedoc/). The N and C termini of the protein sequences were trimmed to remove sequences that did not align well. The core region that aligned well for all sequences was then formatted for input into the PHYLIP package (Felsenstein, 1993) for phylogenetic analysis. We used the PROTPARS program to produce a tree based on the maximum parsimony method. The tree was bootstrapped to generate confidence levels for all the branches (Felsenstein, 1985) . The same alignment that was used for the parsimony run was also put through the PROTDIST program using the "Categories" distance matrix to generate a table of evolutionary distances between the sequences. The distance table and the consensus tree were then put into the FITCH program to generate a tree with branch lengths that reflect evolutionary distance.
Copy Number Determination
We prepared dilutions of unlabeled DNA, corresponding to 1.3 kb of the B-Bolivia upstream sequence from the upstream BamHI site to the point of divergence with B-Peru at Ϫ532, into genomic Petunia DNA, which served as a carrier. Twenty-microliter samples containing 3 g of Petunia genomic DNA and 10, 1, 0.1, or 0.01 ng of the unlabeled B-Bolivia upstream sequence were diluted into 200 L of 0.5 m NaOH, 1.5 m NaCl denaturation solution and vacuum blotted onto a Hybond N ϩ membrane (AmershamPharmacia Biotech, Uppsala). In addition, 3-g samples of maize (Zea mays) genomic DNA from a B-Bolivia line and 2-to 10-g samples of genomic DNA from other maize lines were similarly treated and blotted. The blot was then hybridized with a [ 32 P]-labeled probe that was the same as the unlabeled cloned B-Bolivia upstream sequence used to spike the petunia DNA samples. After washing the blot, hybridization was quantified using a Storm 2600 Phosphorimager. We used the following calculations to determine copy number based on hybridization intensity. Ten nanograms of 1.3-kb DNA equals 7.02 ϫ 10E-9 copies of the sequence. Multiplying this number by 6, which is the difference in intensity between the 10-ng probe signal and the 3 g of genomic DNA, and then dividing by the number of maize genomes in 3 g of DNA (1.09 ϫ 10E6) gives an estimate of approximately 38,000 copies in a single 2,500-megabase genome.
RFLP Mapping of B-Bolivia and B-Peru
Restriction mapping of the B-Peru and B-Bolivia alleles was conducted using the same series of probes used to map B-I and B-Peru (Patterson et al., 1995) . The 550b probe hybridizes to the region including intron1, exon2, and part of intron2 (Fig. 2A) . The BIu4 probe hybridizes to the region immediately upstream of the start of transcription in B-I, the E/G700 probe hybridizes to the region between Ϫ1,600 and Ϫ950 in B-I and the B'v1.6 probe hybridizes to a region that is approximately 8 kb upstream in B-I ( Fig.  2A) . All of these probes hybridize to regions tightly linked to the B-Peru and B-Bolivia alleles. In the case of B-Peru, the isolation of recombinants has demonstrated that these sequences are located much further upstream relative to their position in B-I (Patterson et al., 1995; M Stam, V Chandler, unpublished data) . Band sizes were estimated by performing linear regression on the log of the migration distance of the hybridizing bands compared with those of the known size standards run on the same gel. The E/G700 and B'v1.6 probes, which are located much farther upstream of the BIu4 probe in B-Peru than in B-I ( Fig. 2A ; Patterson et al., 1995) , had no polymorphic restriction fragments in B-Bolivia relative to B-Peru when tested with eight restriction enzymes that produce polymorphic fragments in B-Peru relative to B-I.
Construction of the BB2100 Transgenic Lines
The 2.8-kb clone of B-Bolivia containing 2.1 kb of upstream sequence was subcloned between the BamHI sites in a 6-kb SalI clone of B-I that contained the complete transcribed region and 3Ј UTR, replacing the upstream region of the B-I clone and the 5Ј most part of the transcribed sequence with B-Bolivia sequences (Fig. 8A ). This construct was introduced into maize plants using biolistic bombardment of immature embryos as previously described (Koziel et al., 1993; Selinger et al., 1998) .
Characterization of BB2100 Transgenic Lines
The primary transgenic plants (T 0 ) regenerated from stably transformed callus were crossed to a b1 tester line that carries functional alleles of all of the anthocyanin structural genes and the regulatory genes c1 and pl1, which are co-required with a functional b1 or r1 allele to generate anthocyanin pigment. The tester line carried nonfunctional alleles of the b1 and r1 genes. The T 0 plants, which were in the Ciba-Geigy CG00526 inbred line, contained nonfunctional, recessive alleles of the regulatory genes c1, pl1, and r1, and a b1 allele that is weakly expressed in the plant, but that does not color the seed. Because of the nonfunctional c1 and pl1 alleles in the line used for transformation, we could not assess pigmentation until the T 1 generation. Transgenic lines that displayed seed color were further characterized. DNA samples collected from leaves or immature cobs were used to characterize the copy number and structure of the BB2100 transgene loci in those lines with seed color. We used EcoRI, which cuts in the polylinker of the pTZ 18U plasmid backbone and PacI, which cuts 10 bp beyond the stop codon. DNA blots probed with the 550b probe indicated the number of transgene copies, and by comparison with the size of the EcoRI/ PacI digested BB2100 plasmid, the presence or absence of intact transgene copies. To determine the number of transgene loci, colored and colorless seeds from each line were planted, DNA prepared and the presence of transgene copies determined either by PCR using primers specific for the transgene promoter and first exon region or by DNA blots probed with the 550b probe. Lines were considered single locus if there was no segregation of the transgene bands in purple seeds, and/or no colorless seeds carried transgene bands (minimum 7 samples, which equals a 99% confidence that a 50% probability event has not occurred). In some lines that had less than 50% colored kernels, we did see transgenic bands in the colorless seeds, and these were scored as single locus if the individual bands did not segregate when compared with purple seeds and if the frequency of transgene positive, colorless kernels was close to that expected from the frequency of colored kernels.
Transient Transformation Assays for Aleurone Expression
Transient transformation of aleurone cells and luciferase expression assays were performed as previously described (Selinger et al., 1998) . Briefly, expression constructs with B-Bolivia promoter fragments driving firefly luciferase expression were introduced by biolistic methods into aleurone tissue along with a CaMV 35S promoter driven transformation control. The control plasmid was expressing either GUS (Sainz et al., 1997) or Renilla luciferase (Lorenz et al., 1991; Selinger et al., 1998) . Expression was determined by normalizing the luciferase values to the transformation control value and then dividing this number by the normalized luciferase value of the 2.5-kb B-Peru promoter construct to generate a percent expression value. The BBolivia:luciferase expression constructs were produced by subcloning the BamHI to SnaBI fragment (Ϫ2,100 to ϩ2, relative to the start of transcription) from the 2.8-kb BamHI B-Bolivia clone into BamHI/SnaBI digested pABPluc plasmid, which was previously described (Selinger et al., 1998) . This subcloning step replaced the B-Peru promoter sequences in pABPluc with the B-Bolivia upstream sequence, which was located just upstream of the adh1 intron 1 sequence and the firefly luciferase cDNA. Internal XhoI sites were used to generate deletion derivatives pBB1400luc, pBBdZluc, and pBB564luc. To create the fusions with the Ϫ176 B-Peru promoter, oligonucleotides containing the sequence of B-Bolivia between Ϫ564 and Ϫ530 were synthesized with engineered BamHI compatible 5Ј overhangs (Marshall University DNA core facility, Huntington, WV). The oligonucleotides were phosphorylated, annealed, and ligated into the BamHI site of the BP176luc plasmid (Selinger et al., 1998) . BP600 constructs were constructed by using a Ϫ600 B-Peru-specific oligo with an engineered 5Ј-BamHI site together with the BP120A or BP96A oligos (Selinger et al., 1998) to PCR from Ϫ600 to the mutant site. The engineered XhoI site of the linker-scan mutants together with the BamHI site in the polylinker were used to subclone the Ϫ600 to Ϫ120 or Ϫ96 fragment into the corresponding Ϫ176 B-Peru LS120 or LS96 luciferase construct. Other than the large deletions that were confirmed by restriction analysis, all the constructs were confirmed by sequencing.
